The 9-aminoacridine (9AA) derivative quinacrine (QC) has a long history of safe human use as an antiprotozoal and antirheumatic agent. QC intercalates into DNA and RNA and can inhibit DNA replication, RNA transcription, and protein synthesis. The extent of QC intercalation into RNA depends on the complexity of its secondary and tertiary structure. Internal ribosome entry sites (IRESs) that are required for initiation of translation of some viral and cellular mRNAs typically have complex structures. Recent work has shown that some intercalating drugs, including QC, are capable of inhibiting hepatitis C virus IRES-mediated translation in a cell-free system. Here, we show that QC suppresses translation directed by the encephalomyocarditis virus (EMCV) and poliovirus IRESs in a cell-free system and in virus-infected HeLa cells. In contrast, IRESs present in the mammalian p53 transcript that are predicted to have less-complex structures were not sensitive to QC. QC (and 9AA) . These results suggest that QC and similar intercalating drugs could potentially be used for treatment of viral infections.
Identification of novel properties and new potential therapeutic uses for existing well-known drugs is an enticing approach to "drug discovery" (5, 6) . The pharmacokinetics and safety profiles of these drugs are usually well established, and since they have typically been approved by the Food and Drug Administration (FDA), they can enter clinical trials for new indications via a streamlined process.
Quinacrine (QC) (also known as atebrine or mepacrine) is a well-known compound with favorable pharmacological and toxicological properties that has been clinically available since the 1930s and is widely used for a number of indications. QC is a derivative of 9-aminoacridine (9AA); the two compounds are closely related structurally (see Fig. 1A ) and have some characteristics and activities in common. To date, however, 9AA has not been used for therapeutic applications (2, 12, 15) . Historically, the main use of QC has been in treatment of malaria and giardiasis (13, 18) . In addition, QC has been used to treat discoid and subcutaneous lupus erythematosus (47, 50) and prescribed as a general anti-inflammatory drug (46, 50, 51) . More recently, QC has been tested for efficacy in the treatment of sporadic Creutzfeldt-Jakob disease (CJD) (17, 24) and cancer (16) . Despite this widespread use of QC in humans for almost a century, its mechanism of action remains poorly understood (13, 16, 33, 51) . Some properties of QC and 9AA that likely contribute to their biological activities have been identified. It has been well documented that both QC and 9AA can intercalate into double-stranded DNA and structured RNA molecules (31, 34, 44) and are capable of inhibiting DNA replication, RNA transcription, and protein synthesis (7, 10, 26, 29) . The extent of intercalation of QC into RNA molecules depends on the complexity of RNA secondary and tertiary structures (such as hairpin loops that produce regions of double-stranded RNA) and pseudoknots (2, 52) . QC has also been shown to inhibit protein synthesis in a cell-free translation system either by inhibiting the peptidyl transferase activity of the ribosome or by preventing binding of mRNAs to the ribosome (28) . However, the effect of QC on translation of various mRNA species that differ in their secondary structure and/or utilize different modes of translation initiation (in eukaryotes) has been only partially documented (28, 29) .
Translation initiation is a complex process in eukaryotes. For the majority of eukaryotic mRNAs, initiation involves binding of the mRNA 5Ј m 7 G cap structure by a group of proteins referred to as the cap-binding complex, or eukaryotic initiation factor 4F (eIF4F) (21, 45) . This is followed by recruitment of the 40S ribosomal subunit and a number of initiation factors and movement of the resultant 43S initiation complex along the 5Ј untranslated region (5ЈUTR) of the mRNA in search of the initiation codon (21, 45) . This capdependent mode of translation initiation is also known as "ri-bosomal scanning" (21, 45) . The 5ЈUTRs of mRNAs that utilize this mechanism of initiation typically do not have complex secondary structures (21, 45) . However, some viral and eukaryotic cellular mRNAs can be translated via internal initiation, a process that involves direct binding of the ribosome to specific mRNA regions termed internal ribosome entry sites (IRESs) (19, 20, 22, 25) . Most IRES elements possess very complex secondary and tertiary structures (involving stem-loops and pseudoknots), which are believed to allow for multiple interactions with components of the translational machinery (i.e., canonical initiation factors, IRES-transacting factors [ITAFs], and 40S ribosomal subunits) and, hence, for direct recruitment of 40S ribosomal subunits to IRES-containing mRNAs without involvement of the 5Ј end (19, 20, 22, 25) . It should be mentioned that the vast majority of IRES elements are located within 5ЈUTRs in close proximity to initiation codons (19, 20, 22, 25) . It has recently been found that a number of nucleic acid intercalating agents are capable of inhibiting IRES-mediated initiation of translation to a much greater extent than cap-dependent initiation (28, 29) . These studies have, for example, shown that QC is capable of inhibiting IRES-mediated translation of hepatitis C virus (HCV) in an in vitro cell-free system by impairing binding of the HCV IRES to the 40S/80S ribosome (28) . Nevertheless, many questions regarding this activity of QC and its efficacy in cases of different IRES elements remain unanswered (28, 29) . Furthermore, despite identification of IRES elements in an increasing number of viral and cellular mRNAs, the mechanism of internal initiation is not well understood (19, 20, 22, 25) . Notably, different IRES elements have significantly different levels of structural complexity, with some cellular IRESs being much less structured than other eukaryotic and viral IRESs (3, 4, 11, 25) . This suggests that translation driven by IRES elements that differ in the complexity of their secondary structures or utilize different subsets of initiation factors and ITAFs might be affected by intercalating agents to different extents (28) .
Here we test this hypothesis by comparing the effects of QC on translation driven by three different viral IRES elements (HCV, encephalomyocarditis virus [EMCV], and poliovirus) and one human cellular IRES element (p53). Our results show that initiation of translation from these four different IRES elements was suppressed by QC to substantially different extents, with translation from the EMCV IRES being most affected and that from the p53 IRES being unaffected. Competition dialysis experiments demonstrated that the degree of inhibition of IRES-mediated cell-free translation correlated strongly with the ability of QC to bind the corresponding IRES elements. Furthermore, experiments performed in EMCVand poliovirus-infected HeLa cells showed that synthesis of viral capsid proteins, production of viral RNAs, and virus replication were all strongly inhibited by QC (as well as 9AA) in a dose-dependent manner.
These results indicate that QC and other similar intercalating compounds might have clinical potential as drugs to treat certain viral infections.
MATERIALS AND METHODS

Plasmids.
The bicistronic constructs used in this study were based on the pGEM-CAT-LUC vector backbone (CAT stands for chloramphenicol acetyltransferase and LUC stands for luciferase) (37) . The pGEM-CAT-EMCV-LUC (49) and pGEM-CAT-polio-LUC plasmids were kindly provided by Graham Belsham (National Veterinary Institute, Lindholm, Denmark) and Yuri Svitkin (McGill University, Montreal, Canada), respectively. The pGEM-CAT-HCV-LUC, pGEM-CAT-p53IRES(1&2)-LUC, and pGEM-CAT-p53IRES(2)-LUC plasmids were constructed as follows. The HCV IRES was amplified by PCR from the HCV IRES-containing plasmid pHCV .NSЈ (32) kindly provided by Tatyana Pestova (State University of New York [SUNY] Downstate Medical Center, Brooklyn, NY) using primers 5Ј-TTTTTGGATCCCTCCCCT GTGAGGAACTACTGTCTTCA-3Ј and 5Ј-TTTTTGGATCCTTTTTCTTTG AGGTTTAGGATTCGTGCT-3Ј. The p53 IRES(1&2) was amplified from the p53 cDNA-containing plasmid (39) kindly provided by Peter Chumakov (Cleveland Clinic, Cleveland, OH) using primers 5Ј-TTTTTGGATCCTCTA GAGCCACCGTCCAGGGAGC-3Ј and 5Ј-TTTTTGGATCCACATTGCTT GGGACGGCAAGGGG-3Ј. The p53 IRES(2) was amplified from the same plasmid using primers 5Ј-TAATACGACTCACTATAGGGAGGAGGAGCC GCAGTCAGATCCTAGC-3Ј and 5Ј-TTTTTGGATCCACATTGCTTGGG ACGGCAAGGGG-3Ј. The PCR fragments were digested with BamHI and inserted into BamHI-digested pGEM-CAT-HCV-LUC plasmid. It should be noted that p53 IRES(1&2) triggers synthesis of two p53 isoforms (p53 and p47) using two alternative start sites, while p53 IRES(2) triggers synthesis of just the p47 isoform (35) . The nucleotide sequences of the plasmids and the orientation of the inserted fragments were verified by DNA sequencing.
In vitro transcription and translation. In vitro transcription reactions were performed using T7 polymerase and Ambion's mMessage mMachine T7 ultrakit (Ambion, Austin, TX) following the manufacturer's instructions (1a) . Bicistronic 5Ј-capped mRNAs were transcribed from the corresponding plasmids after digestion of the plasmids with XhoI. Transcription reactions were carried out at 37°C for 2.5 h, and the resultant mRNA was purified by LiCl precipitation and washing with 70% ethanol. Aqueous mRNA solutions (ϳ1 mg/ml) were used for in vitro cell-free translation. Cell-free translation was performed using Promega's rabbit reticulocyte lysate nuclease-treated extract in vitro translation system (Promega, Madison, WI) in the presence of [ 35 S]methionine (15 mCi/ml; GE Healthcare, Piscataway, NJ) and in the presence or absence of quinacrine (QC) (Sigma-Aldrich, St. Louis, MO) as indicated in each figure. Typically, ϳ0.5 l of the reaction mixture was resolved on 10% SDS-polyacrylamide gels, and the radiolabeled translation products were visualized by autoradiography using a Typhoon 9410 imaging scanner (GE Healthcare, Piscataway, NJ).
Competition dialysis. The competition dialysis assay, which is based on the fundamental thermodynamic principle of equilibrium dialysis, was done essentially as described by Chaires (9, 36) . RNA fragments corresponding to various IRES elements were generated by in vitro transcription from corresponding PCR fragments carrying the T7 promoter. The IRES-containing plasmids described above were used as templates. The following primers were used to obtain the relevant PCR fragments: for the EMCV IRES, 5Ј-TAATACGACTCACTA TAGGGAGCCCCCCTAACGTTACTGGCCG-3Ј and 5Ј-GATCGTGTTTT TCAAAGGAAAACCACG-3Ј; for the poliovirus IRES, 5Ј-TAATACGACT CACTATAGGGAGTTAAAACAGCTCTGGGGTTGTACCC-3Ј and 5Ј-TT TTTAGATCTTCATTATGATACAATTGTCTGATTGAAATAACTGT-3Ј; for the HCV IRES, 5Ј-TAATACGACTCACTATAGGGAGACTCCCCTGT GAGGAACTACTGTCTTCA-3Ј and 5Ј-TTTTTGGATCCTTTTTCTTTGA GGTTTAGGATTCGTGCT-3Ј; for the p53 IRES(1&2), 5Ј-TAATACGACTC ACTATAGGGAGTCTAGAGCCACCGTCCAGGGAGC-3Ј and 5Ј-TTTTTG GATCCACATTGCTTGGGACGGCAAGGGG-3Ј; and for the p53 IRES(2), 5Ј-TAATACGACTCACTATAGGGAGGAGGAGCCGCAGTCAGATCCTA GC-3Ј and 5Ј-TTTTTGGATCCACATTGCTTGGGACGGCAAGGGG-3Ј. In vitro transcription was carried out using Ambion's MEGAscript T7 kit (Ambion, Austin, TX), and the resulting RNA was purified using the MEGAclear kit (Ambion, Austin, TX). In addition, we have also used poly(rU) (average length of 250 to 300 nucleotides [nt]) obtained from Midland Certified Reagent Company (Midland, TX). The RNA samples were dissolved in a buffer containing 6 mM Na 2 HPO 4 , 2 mM H 2 PO 4 , 1 mM EDTA, 185 mM NaCl, 5 mM MgCl 2 (pH 7.0) (buffer A) at a final concentration of 50 M (per base). All RNA samples were heated to 90°C for 2 min and then slowly (ϳ15 to 20 min) cooled to room temperature before use in dialysis experiments to allow proper folding of secondary structures. For each competition dialysis assay, 800 ml of dialysate solution (1 M quinacrine [Sigma-Aldrich, St. Louis, MO] in buffer A) was placed in a beaker, and the RNA sample to be tested (180 l of 50 M solution) was placed in a Slide-A-Lyzer mini-dialysis unit with a 7,000-molecular-weight-cutoff (MWCO) membrane (Pierce Biotechnology, Inc., Rockford, IL) floating in a mini-dialysis flotation device (Pierce Biotechnology, Inc., Rockford, IL). Dialysis was performed with continuous stirring for 24 h at room temperature (22 to 24°C). The concentrations of free and bound ligand (QC) were determined by using a FluoroMax-2 spectrofluorimeter to measure the specific fluorescence of VOL. 84, 2010 INHIBITION OF EMCV AND POLIOVIRUS BY QUINACRINE 9391 QC at 495 nm after excitation at 389 nm. The amount of RNA-bound QC was determined by calculating the difference between the concentration of QC in the dialysis unit and the concentration of free QC as described previously (2, 9, 36) . In each experiment, every RNA sample was tested at least in duplicate.
Cell-based assays of EMCV, poliovirus, and VSV replication. The effects of QC and 9AA on EMCV, poliovirus, and vesicular stomatitis virus (VSV) protein expression and replication in cultured cells were determined by the following: (i) assessing production of viral proteins using Western blotting with anti-EMCV/ poliovirus capsid protein antibodies or anti-p-VSV protein antibodies (p-VSV is VSV P-protein mRNA), (ii) measuring accumulation of viral RNA by Northern blotting, and (iii) assessing virus titer. HeLa cells were infected at a multiplicity of infection (MOI) of 2 50% cell culture infectious doses (CCID 50 )/cell of EMCV (gift of Robert Silverman, Cleveland Clinic, Cleveland, OH), at a MOI of 2 CCID 50 /cell of poliovirus (strain Mahoney; gift of Konstantin Chumakov, FDA, Bethesda, MD), or at a MOI of 2 CCID 50 /cell of VSV (strain New Jersey; gift of Amiya Banerjee, Cleveland Clinic, Cleveland, OH). The indicated concentrations of QC and 9AA (Sigma-Aldrich, St. Louis, MO) were added to cell cultures at the time of infection. All three types of assays were performed on samples collected 3, 4, or 5 h postinfection for poliovirus, VSV, and EMCV, respectively. Western and Northern blotting was performed as described below. To determine the virus titer, we used a modified version of the CCID 50 assay in which 10-fold dilutions (1:10 to 1:10 9 ) of conditioned culture medium were added to duplicate wells of HeLa cells in 48-well plates. Virus titer was determined by cytopathic effects visible after 3 days. All MOI data are given in CCID 50 units/cell.
Western blotting. Western blotting was performed following standard procedures (48) . Total protein extracts from HeLa cells were prepared in 1 ml of radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% SDS, 10 mM Tris-HCl [pH 8.0], 1% sodium deoxycholate, 1% NP-40) containing a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). The protein extracts were separated by electrophoresis in denaturing 4 to 20% polyacrylamide Novex gels (Invitrogen, Carlsbad, CA) and transferred to nylon polyvinylidene difluoride (PVDF) membranes (Hybond P; GE Healthcare, Piscataway, NJ). The following antibodies were used: antipoliovirus capsid protein and anti-EMCV capsid protein antibodies (gift of Ann Palmenberg, University of Wisconsin-Madison, Madison, WI) and anti-p-VSV protein antibodies (Abcam, Inc., Cambridge, MA). To control for protein loading, levels of housekeeping proteins were assessed using rabbit anti-keratin 18 antibodies (gift of Robert Oshima, Burnham Institute for Medical Research, La Jolla, CA), and rabbit anti-Hsp90 antibodies (Abcam, Inc., Cambridge, MA). Horseradish peroxidase (HRP)-conjugated secondary anti-rat, anti-rabbit, and anti-mouse antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Northern blotting. Ten micrograms of total RNA isolated from poliovirus-, EMCV-, or VSV-infected HeLa cells was resolved by denaturing gel electrophoresis and analyzed by Northern blotting (1) with 32 P-end-labeled probes specific to either poliovirus RNA (3C-coding PCR fragment), EMCV IRES RNA, p-VSV mRNA, or human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA. Probes (PCR fragments) were generated using poliovirus genomic cDNA (with primers specific for the poliovirus 3C coding sequence 5Ј-GGGCCTGGGTTTGACTAT-3Ј and 5Ј-TTGGCTCTGAGTGAAGTATG A-3Ј downstream), pGEM-CAT-EMCV-LUC plasmid (with primers specific to the EMCV IRES sequence [see above]) or GAPDH full-length cDNA. The probe for VSV P-protein mRNA (p-VSV) was generated by PCR from cloned VSV genome using p-VSV-specific primers: 5Ј-AATTATGAGTTGTTCCAAG A-3Ј and 5Ј-TTCAAGGATATGGTGAGAGG-3Ј. The GAPDH cDNA clone was obtained from OriGene Technologies, Inc. (Rockville, MD).
Miscellaneous. Molecular cloning was performed following the general procedures described by Sambrook et al. (41) . DNA sequencing was performed by the Molecular Biology Core Facility at Cleveland Clinic, Cleveland, OH. Measurements of luciferase activity were done using the Promega luciferase assay system (Promega, Madison, WI) and the Turner BioSystems 20/20n luminometer.
RESULTS
QC inhibits initiation of translation from EMCV, HCV, and poliovirus IRESs, but not mammalian p53 IRESs in a cell-free system. High concentrations of intercalating agents (Ͼ50 M) have been shown to inhibit ribosomal peptidyl transferase activity and, hence, overall protein synthesis, including (in eukaryotes) both cap-dependent and IRES-mediated expression (28) . However, at lower concentrations (ϳ10 to 20 M), intercalating drugs only minimally affected this activity (28) . At these lower concentrations, intercalators preferentially inhibited the initiation step of protein synthesis, specifically initiation driven by highly structured IRES elements (28) . Given these results, it was postulated that the extent to which IRESmediated translation will be affected by intercalating drugs might differ depending on characteristics of the particular IRES, including its sequence, secondary structure, and use of different canonical initiation factors and ITAFs (28) . To test this possibility, we used a bicistronic translation assay to assess the effect of the intercalating small-molecule QC on translation initiation driven by four different IRES elements. In this assay (Fig. 1B) , translation of the first cistron (encoding chloramphenicol acetyltransferase [CAT]) occurs through the capdependent mechanism, while translation of the second cistron (encoding firefly luciferase [LUC]) occurs by a cap-independent, IRES-dependent mechanism. Five different bicistronic constructs were generated to allow testing of initiation from highly structured viral IRES elements (EMCV, HCV, and poliovirus [for a review, see references 4 and 11]) and presumably less-structured mammalian cellular IRES elements [p53(1&2) and p53 (2)] (14, 35) .
We performed in vitro translation of the bicistronic constructs in a cell-free rabbit reticulocyte lysate-based system in the presence or absence of different physiologically relevant concentrations of QC. The relative efficiency of translation of the two proteins encoded by each construct (LUC relative to "control" CAT) was determined by detection of labeled proteins by SDS-PAGE and autoradiography, followed by quantification of the bands using a Typhoon 9410 imaging scanner. We found that QC inhibited translation from the EMCV, HCV, and poliovirus IRES elements in a dose-dependent manner yet had no effect on translation from the two p53 IRES elements (Fig. 1C and D) . When used at a concentration of 25 M, QC inhibited translation from the EMCV IRES by more than 80% and inhibited translation from the HCV and poliovirus IRESs by about 50 to 60% (Fig. 1C and D) . The extent of HCV IRES inhibition was found to be similar to that reported previously (28) . The p53 IRES(1&2)-containing construct directs production of two p53 isoforms, p53 and p47 (14, 35) , using two different start sites; thus, two translation products are observed in assays with this construct (Fig. 1C) . In contrast, p53 IRES(2) triggers production of only the p47 isoform (14, 35) . However, neither p53 IRES(1&2) nor p53 IRES(2) was sensitive to QC-mediated inhibition (Fig. 1C ). Cap-dependent translation initiation (production of CAT in the bicistronic system) was unaffected by QC in all cases (Fig. 1C ). Since cap-dependent initiation (first cistron) was unaffected at the indicated concentrations of QC, we have also assessed the extent of inhibition of IRES-mediated translation by direct measurements of the luciferase activity (second cistron). Luciferase assays (Fig. 1E ) corroborated the findings above ( Fig.  1D ). Taken together, these results confirm that QC can specifically suppress IRES-mediated translation initiation and that the effect of QC can vary greatly between different IRESs.
QC displays enhanced binding to the EMCV, HCV, and poliovirus IRESs, but not to the p53 IRESs. The ability of intercalating drugs to bind nucleic acids (particularly "singlestranded" RNA molecules) depends on a number of parame-ters, including the complexity of the secondary structure, the flexibility of the molecule, the interplay of nonspecific electrostatic forces, and other factors (2, 9, 36, 51) . Competition dialysis has been proven to be a powerful tool for probing the structural selectivity of ligand-nucleic acid binding and for assessing the affinity of such interactions (2, 9, 36) . Here we set up a dialysis system in which QC (the "ligand") was present in the dialysis solution, and different IRES-containing RNAs Five different constructs containing different IRES insertions were generated (see Materials and Methods). To generate mRNA for use in cell-free translation assays, the plasmids were linearized with XhoI and transcribed in vitro with T7 polymerase. (C) Relative translation efficiencies of chloramphenicol acetyltransferase (CAT) (cap-dependent initiation) and firefly luciferase (Luc) (IRES-dependent internal initiation) produced from CAT-IRES-LUC mRNAs in the presence of the indicated concentrations of QC. CAT-IRES-LUC mRNAs contained the EMCV, poliovirus (Polio), HCV, p53 IRES(1&2) or p53 IRES(2) IRES elements (described in the text) as indicated above each gel. 35 [S]Met-labeled products were resolved using denaturing gel electrophoresis and visualized by autoradiography. (D) Quantitation of the translation products shown in panel C was done using a Typhoon 9410 imaging scanner. For each concentration of QC, the ratio of luciferase protein production to CAT protein production is shown relative to the ratio in the absence of QC (set at 100%). The mean value obtained from three independent sets of measurements is shown. At equilibrium, the concentration of free ligand will be identical throughout the dialysis system; however, if the ligand selectively binds to the RNA being tested, the ligand will accumulate in the RNA-containing dialysis chamber to a higher concentration than that in the surrounding solution (2, 9, 36) . In our case, the concentration of ligand accumulated in the dialysis chamber after 24 h of dialysis was determined by using a FluoroMax-2 spectrofluorimeter to measure the specific fluorescence of QC at 495 nm after excitation at 389 nm. These experiments demonstrated that QC binds to the tested viral IRES elements with 2-to 3-fold greater efficiency than to the cellular p53 IRESs and displays the highest binding affinity to the EMCV IRES element (ϳ0.47 M) (Fig. 2) . The ability of IRES elements to bind QC correlated strongly with the extent to which QC inhibited cell-free translation driven by the respective IRES elements (Fig. 1C, D , and E and Fig. 2 ). This correlation indicates that inhibition of IRES-mediated translation initiation by QC involves binding of the drug to the IRES-containing transcript and that the affinity of this interaction is not the same for all IRESs. This finding is consistent with the proposal that QC intercalation into the RNA molecule depends upon its complexity (9, 36) . No binding to poly(rU) (ϳ250 to 300 nt) was observed, in accordance with the previously reported data (9, 36) . Poly(rU) is well-known to be unstructured at ambient temperature (40) .
QC and 9AA efficiently suppress production of the EMCV and poliovirus capsid proteins, but not the p-VSV protein, in infected HeLa cells. Our cell-free translation assays showed that QC inhibits translation from the EMCV, HCV, and poliovirus IRESs, but not from the p53 IRESs (Fig. 1 ). To confirm these findings in a more natural scenario, we tested the ability of QC, as well as the structurally related compound 9-aminoacridine (9AA) (Fig. 1A) , to inhibit production of viral proteins in EMCV-and poliovirus-infected cultured HeLa cells. Both EMCV and poliovirus have a single-stranded positive-sense RNA genome, which can act as a mRNA (encoding a polyprotein), as a template for genomic RNA replication, or as a nascent genome to be packaged into virus particles (reviewed in reference 27). For both EMCV and poliovirus, ex-pression of the viral genome and replication of the virus are critically dependent on the function of IRES elements located in the 5Ј-UTRs of their genomes. The IRESs recruit the small ribosomal subunit to the vicinity of the initiation codon and initiate synthesis of a viral polyprotein (27) . Upon cleavage, the N-terminal part of the polyprotein gives rise to the structural (capsid) protein, while the C-terminal part gives rise to a number of nonstructural proteins, including an RNA-dependent RNA polymerase and a number of virus-specific proteases (27) . Therefore, expression of viral capsid proteins can be used as a measure of viral IRES activity (27) . Here, we assessed capsid protein expression by Western blotting of total cell lysates obtained from virus-infected HeLa cells (Fig. 3 ). We found that production of EMCV and poliovirus capsid proteins was suppressed by both QC and 9AA in a dose-dependent manner in HeLa cells infected with the corresponding virus ( Fig. 3A and B) . When used at a final concentration of 10 M, both drugs inhibited production of the EMCV and poliovirus capsid proteins almost completely (Fig. 3A and B) . It should be noted that we recently found that QC actively accumulates inside cultured cells to a concentration ϳ5to 8-fold higher than that in the culture medium (data not shown). This observation might explain why the effective QC concentration re- quired for inhibition of initiation from EMCV and poliovirus IRESs in cell-free translation assays was higher than the concentration found to block viral protein production in infected cells. We also tested the effects of QC and 9AA on production of the p-VSV protein in HeLa cells infected with VSV. The p-VSV protein plays a pivotal role in transcription and replication of the VSV genome (30) . In contrast to EMCV and poliovirus, VSV is a negative-sense single-stranded RNA virus, which means that the plus-strand (messenger) RNA is produced from the negative-strand RNA, is capped, does not possess any complex secondary structures in the 5ЈUTR, and likely supports the cap-dependent mode of initiation (30) . Interestingly, production of p-VSV protein was largely unaffected by the concentrations of QC and 9AA that had a significant effect on EMCV and poliovirus protein synthesis (Fig.  3C) . These findings provide confirmation of our cell-free data in living cells and provide further support for structure-based binding of QC to IRESs leading to inhibition of IRES-dependent translation initiation.
QC and 9AA suppress replication of the EMCV and poliovirus RNAs in infected HeLa cells and reduce virus production.
The ability of QC and 9AA to suppress synthesis of the EMCV and poliovirus capsid proteins strongly suggested that overall replication of the viral RNAs and virus production would also be inhibited. To test this, we assessed the amount of viral RNA that accumulated in infected HeLa cells in the absence or presence of various concentrations of QC and 9AA and also quantified virus production by determining the titer of virus in the medium in cell cultures. Northern hybridization showed that synthesis of viral RNA in EMCV-and poliovirusinfected cells was inhibited by both QC and 9AA in a dosedependent manner (Fig. 4A and B) . The effect was specific to viral RNAs bearing IRES elements, as the p-VSV mRNA (Fig.  4C ) and cellular GAPDH mRNA were not affected by either QC or 9AA. Guanidine hydrochloride (GndCl), a known inhibitor of the replication of many picornaviruses (without any apparent effect on cellular metabolism) (8) , was used as a positive control of drug action and showed an effect similar to that of QC and 9AA (Fig. 4B, bottom gel) . The primary mechanism of guanidine inhibition of picornavirus replication is the inhibition of initiation of viral RNA synthesis (8) . We also found that QC and 9AA reduce accumulation of virus in the medium in infected cell cultures ( Fig. 5) . At a concentration of 10 M, both compounds suppressed the virus titer by at least 100-fold. The inhibitory effect of the drugs depended on their concentration and was substantial at concentrations higher on February 13, 2020 by guest http://jvi.asm.org/ than 5 M. These results demonstrate that impairment of viral IRES activity by QC has substantial biological effects on the virus that can limit the effectiveness of its infection of cells.
DISCUSSION
Compared to double-stranded DNA, RNA displays a greater variety of folds and structures due to a variety of base pairing and other interactions between different regions of the single-stranded molecule (43) . The complex and dynamic architecture of RNA makes this nucleic acid especially difficult to target using small molecules (2, 9, 36) . On the other hand, it is precisely this complex and distinct architecture that makes RNA attractive for targeting, since small molecules that selectively bind such distinct structures could potentially interfere with many distinct cellular processes depending on the biological functions associated with these structures (2, 9, 28, 29, 36) . To date, pharmacological targeting of RNA has not been as successful as targeting of DNA; however, recent experiments have clearly shown the feasibility of targeting specific RNA folds with small molecules (28, 29) . This opens up a new avenue in research aimed at modulating gene expression by utilizing ligands that recognize specific RNA folds, such as those present in viral IRES elements.
IRES-mediated initiation is critical for translation of many viral mRNAs as well as some host/cellular mRNAs. At certain physiological concentrations (ϳ10 to 20 M), some intercalating agents were found to preferentially inhibit translation initiation (by impairing RNA-ribosome binding) from highly structured mRNAs such as those harboring IRES elements (e.g., HCV and cricket paralysis virus [CrPV] [28] ). However, the extent of inhibition varied with different intercalating drugs, showing dependence on the structural complexity of both the IRES and the drug (28, 29) . Unfortunately, at the present time, there is still limited understanding of why certain intercalating drugs preferentially inhibit IRES-mediated translation, while others do not or do so with reduced efficiency (28) . Nevertheless, the accumulated data suggested that mRNA structural complexity is likely a critical determinant of this process (28) .
Undoubtedly, the design of antagonists able to target specific RNA elements is of great interest and importance. Since expression of many pathogenic viruses relies on the presence of IRES elements in their genomes, it might be possible to treat such viral infections with small intercalating compounds that specifically target the IRESs. As a first step in this line of reasoning, we have tested the effect of quinacrine (QC), a well-known intercalating drug with a long history of human clinical use, on translation initiation directed by different IRES elements. Our results demonstrate that QC inhibits cell-free translation from three highly structured viral IRES elements (EMCV, HCV, and poliovirus) (4, 11), but not from presumably less structured cellular p53 IRESs (14, 35) (Fig. 1 ). Competition dialysis experiments revealed that QC has higher binding affinity (per nucleotide) toward the viral IRES elements possessing complex secondary structure than toward the cellular p53 IRESs (Fig. 2) . Thus, a positive correlation between QC-IRES binding and QC-mediated inhibition of IRES-directed translation was established. Our data from cell-free assays were corroborated by experiments using HeLa cells infected with EMCV and poliovirus. Here QC (and the structurally related molecule, 9AA) were shown to suppress production of viral capsid proteins, replication of viral RNAs, and virus titer ( Fig. 3 to 5 ).
To the best of our knowledge, this is the first report showing that QC is able to inhibit EMCV and poliovirus replication in infected cultured cells. The inhibitory effect of QC on EMCV and poliovirus replication was specific, since expression of cellular protein(s) (HSP90, keratin 18) and RNA(s) (GAPDH), as well as expression of the p-VSV protein and mRNA (VSV is a single-stranded negative-sense RNA virus) ( Fig. 3 and 4) , was not affected or only minimally affected in comparison with expression of EMCV and poliovirus proteins and RNAs.
Interestingly, it was recently shown that replication of a plant virus (Tomato bushy stunt virus [TBSV]), a model positive-sense RNA virus can also be inhibited by QC (42) . TBSV RNA accumulation was inhibited by QC both in plants and in protoplasts (42) . In addition, QC and some other structurally similar intercalating antimalarial drugs, such as chloroquine and hydroxychloroquine, were suggested to have some antihuman immunodeficiency virus (HIV) effects (23, 38) . These studies, together with the results reported here, indicate that QC or QC-like molecules might be effective tools to inhibit replication of various positive-sense RNA viruses that rely on translation initiation from highly structured IRES elements in their genomes. Additional work, including experiments in animal models, will be required to fully demonstrate the potential of this strategy for treatment of viral infections.
